Sperm competition theory suggests that males should strategically allocate sperm to those females that will bring them the best possible genetic returns. Although males of a number of species of insects and ¢shes have been shown to allocate sperm strategically, we provide, to our knowledge, the ¢rst evidence that an avian species is also capable of allocating ejaculates. Male Ade¨lie penguins (Pygoscelis adeliae) are more likely to transfer sperm during extra-pair copulations (EPCs) than during pair copulations. We investigated the question of how males allocate ejaculates within the constraints of limited sperm availability and found (i) that males that engaged in EPC attempts ejaculated less often when copulating with their social partner than males that made no EPC attempts, and (ii) that there was no di¡erence between males that were involved in failed EPC attempts and those that were involved in successful EPCs in the proportion of copulations that resulted in sperm transfer. These results indicate that males achieve strategic allocation of sperm within the constraints of limited sperm availability by withholding ejaculates from their social partners.
INTRODUCTION
showed that males should strategically allocate sperm in response to the risk of sperm competition. Studies of insects have provided evidence to support this idea (Gage 1991; Gage & Baker 1991; Gage & Barnard 1996) . Male mealworm beetles (Tenebrio molitor) and Mediterranean fruit £ies (Ceratitis capitata) transfer relatively more sperm in the presence of other males than when they are alone and male crickets (Acheta domestica and Grylloides sigillatus) adjust the number of sperm they transfer in direct relation to male density (Gage 1991; Gage & Baker 1991; Gage & Barnard 1996) . Among ¢shes, male bucktooth parrot¢sh (Sparisoma radians) and male bluehead wrasse (Thallasoma bifasciatum) allocate more sperm to relatively large, fecund females than to small, less-fecund females indicating that the males of some species adjust their ejaculates in response to the potential bene¢ts of copulating with speci¢c females (Shapiro et al. 1994; Marconato & Shapiro 1996) . Sperm competition is widespread in birds and much is known about the behaviour and mechanism of sperm transfer but there is no evidence that male birds are able to allocate their ejaculates strategically (Birkhead & MÖller 1992; Birkhead 1998) .
The study of sperm allocation in birds is problematic because it is di¤cult to determine when ejaculation has taken place. Unlike most other species, in the Ade¨lie penguin (Pygoscelis adeliae) it is possible to identify whether cloacal contact has resulted in successful ejaculation and insemination of the female by observations alone (Hunter et al. 1996) . Pairs can be observed at close range (4 m) and, following copulation, ejaculates can clearly be seen as opaque globules of ca. 5 mm in diameter lying on the female's cloaca. Insemination follows as rhythmic contractions of the female's cloaca draw the ejaculate into her reproductive tract. Ejaculates that have missed the cloaca can be seen on the surrounding feathers and, by examination of cloacal smears, the absence of an observable ejaculate has been shown to reliably indicate the absence of sperm (Hunter et al. 1995 (Hunter et al. , 1996 .
There are three assumptions underlying the strategic allocation hypothesis. The ¢rst is that sperm competition occurs. If females only copulate with one partner, there will be no need for males to ensure that their sperm is strategically allocated. Ade¨lie penguins engage in sperm competition: Hunter et al. (1995) found that 15% of females switched mates and engaged in successful copulations with both initial and pair males and 10% of females engaged in successful extra-pair copulations (EPCs). Female Ade¨lies both passively accept EPCs from males approaching their nest sites and actively solicit EPCs by going to the nest sites of extra-pair males (Hunter et al. 1995; Hunter & Davis 1998) . Both males and females invest heavily in rearing the two o¡spring so paternity is a valuable resource over which males compete.
The second assumption is that males depend on frequent copulations for maximizing their chances of fathering o¡spring. If males use mate guarding or territoriality rather than frequent copulation in protecting their paternity, there will be less need to allocate sperm strategically. Male Ade¨lie penguins cannot guard their partners as both must collect nest material during the pre-laying period ( Johnson & West 1973; Ainley et al. 1983) , so it is in the male's interests to copulate frequently with his partner in order to outcompete inseminations from any rival male (Birkhead & MÖller 1992; Colegrave et al. 1995; Birkhead 1998 ). Birkhead et al. (1987) showed that socially monogamous birds that copulate more than 20 times per clutch are non-guarding species that protect their paternity by frequent copulation. Pairs of Ade¨lie penguins on average copulate 34 times per clutch suggesting that frequent copulation is an important paternity guard for this monogamous species (Hunter et al. 1996) . Furthermore, testis mass is a good predictor of copulation frequency and sperm competition intensity in birds (MÖller 1991; MÖller & Briskie 1995) . Ade¨lie penguin testes are 53% heavier than expected for a bird of their body mass, indicating the importance of frequent copulation for this species (Groscolas et al. 1986; MÖller 1991) .
The ¢nal assumption underlying the strategic allocation hypothesis is that sperm are a limiting resource. If sperm were in abundant supply there would be no need to conserve ejaculates and allocate them prudently. Sperm are a limiting resource for male Ade¨lie penguins: almost one-quarter of behaviourally successful copulations fail to result in sperm transfer and, contrary to predictions based on sperm competition theory, males do not increase their copulation frequency as the time of fertilization approaches (Hunter et al. 2001) . In a separate study in which we assessed whether male Ade¨lie penguins have limiting semen supplies we found that males failed to transfer sperm if they had ejaculated relatively recently (Hunter et al. 2001) . There are two possible explanations for such failure to ejaculate: (i) males are sperm depleted (Dewsbury 1982) , or (ii) males withhold ejaculates from their social partners in order to inseminate extra-pair females. We found no evidence for sperm depletion; ejaculates collected from males relatively soon after a previous ejaculate did not contain fewer sperm than ejaculates collected after a relatively long interval (Hunter et al. 2001) . The aim of the present study was to determine whether male Ade¨lie penguins strategically allocate ejaculates to extra-pair females.
METHODS
We carried out our study in the Northern Rookery at Cape Bird, Ross Island, Antarctica (77813' S, 166828' E). Our study population comprised a discrete group of 81 breeding pairs occupying an area of ca. 20 m £10 m which was situated in the centre of the colony. Observations were made from a distance of ca. 6 m from the site and we were able to observe all birds simultaneously.
Three of us observed the birds for 24 h each day during three periods in 1994: from 18.00 (New Zealand summertime, i.e. GMT plus 11h) on 27 October to 18.00 on 3 November (168 h), from 08.00 on 4 November to 20.00 on 7 November (60 h) and from 16.00 on 15 November to 20.00 on 22 November (172 h). Daylight was continuous throughout the breeding season. On all other occasions during the period 27 October to 30 November observations were made for 16 h each day at the following times: 04.00^08.00, 10.00^14.00, 16.00^20.00 and 22.00^02.00. On one occasion, during the period 18.00 on 3 November to 07.30 on 4 November, we did not carry out observations due to severe weather conditions. During periods of high winds Ade¨lie penguins lie down and allow themselves to become covered in snow. During such periods copulations are rarely attempted (F. M. Hunter, personal observation). At the start of the observations on 27 October only three pairs (4.8% (three out of 63) of the population) were present at the colony.
We recorded the identity of the male and female for each copulation attempt and the outcome of that attempt, i.e. whether it was successful and, if not, the reason for failure. We classi¢ed a copulation as behaviourally successful if cloacal contact was achieved and this was assumed to signify an ejaculation attempt. Insemination was recorded if an ejaculate was seen to be drawn inside the female's cloaca after contact (Hunter et al. 1996) . We divided failed copulations into those which failed prior to cloacal contact and those in which cloacal contact was recorded but insemination did not occur. For copulations that failed prior to cloacal contact the male was recorded as having terminated the attempt if he dismounted, while the female was recorded as having terminated the attempt if she kept her tail down or dislodged the male from his mounted position. In cases where cloacal contact was observed but did not result in insemination, there were two alternative outcomes: (i) an ejaculate was seen but missed the female's cloaca, or (ii) no ejaculate was seen. Hunter et al. (1996) showed by examination of cloacal smears that no sperm is inseminated during cloacal contacts in which either sperm is seen to have missed the female's cloaca or no sperm is seen. We could not determine the outcome for a small proportion of the cloacal contacts (4.6%). These cloacal contacts were not included in the analysis.
We de¢ned and referred to males' partners as follows.
(i) A male's ¢nal partner, i.e. the female in whose eggs and o¡spring he invested parental e¡ort, was de¢ned as the pair female and copulations with this female were referred to as pair copulations. (ii) For a male that had two sequential partners with whom he copulated multiple times, the ¢rst female was termed the initial female. (iii) For a male that was involved in temporary copulation activity with a female other than his pair or initial female, the temporary female was termed the extra-pair female and copulations with this female were referred to as EPCs (Hunter et al. 1995) .
If males allocate ejaculates strategically, we would predict that EPCs would be more likely to involve sperm transfer than pair copulations as males achieving an EPC are not guaranteed to have another opportunity to inseminate the extra-pair female. On the other hand, if males are unable to allocate ejaculates strategically they should have the same ejaculatory success rate regardless of with which female they copulate.
The behavioural analysis was carried out on 62 breeding males. One male had two sequential partners both of which laid eggs while he was paired to them and all other males had a single pair female. Thus, for the purpose of analysis the number of pairs is 63 while the number of males is 62.
RESULTS
Forty-four per cent of all males (27 out of 62) engaged in one or more EPC attempts. For males achieving behaviourally successful EPCs, we found that extra-pair cloacal contacts were signi¢cantly more likely to result in ejaculation than pair cloacal contacts (Wilcoxon signedrank test, zˆ2.02, nˆ20 and pˆ0.04) (table 1) . Similarly, prior to cloacal contact males terminated signi¢cantly fewer EPCs than pair copulations (Wilcoxon signed-rank test, zˆ4.11, nˆ25 and pˆ0.0001) (table 1). This suggests that some males strategically allocate ejaculates to extra-pair females.
There are two possible mechanisms that could result in strategic allocation: either (i) males withhold ejaculates from their pair females in order to conserve semen for use in EPCs, or (ii) males attempt extra-pair ejaculations only when they have semen available. If males withhold ejaculates from their partners in order to allocate them to extra-pair females then it is predicted that males that engage in EPC attempts will ejaculate less often when achieving cloacal contact with their partner than males that do not engage in EPC attempts. Alternatively, if males do not withhold ejaculates there will be no di¡er-ence between males that attempt EPCs and those that do not in the proportion of pair copulations that result in ejaculation. These predictions would be confounded if males di¡ered in the numbers of copulations they attempted. However, there was no di¡erence in the number of copulation attempts between males that copulated with extra-pair females in addition to their mate and those that only copulated with their social partner (Mann^Whitney U-test, zˆ0.04, nˆ27 and 35, and pˆ1.0).
We found that males that engaged in EPC attempts had signi¢cantly fewer pair cloacal contacts resulting in ejaculation than males that did not attempt EPCs zˆ3.66, nˆ27 and 35, and pˆ0.0003) (table 2) . This supports the hypothesis that males withhold semen from their pair female in order to have ejaculates available for EPCs. However, the same result would occur if EPCs were the cause of males failing to produce ejaculates during pair copulations.
If males are unable to produce ejaculates during pair copulations as a result of allocating ejaculates to extra-pair females, then we would predict that males that ejaculated during an EPC would have fewer ejaculates available for their pair female than males that have engaged only in unsuccessful EPC attempts. Alternatively, if males do not ejaculate during pair copulations because they are withholding ejaculates from their partner, then we would predict that there would be no di¡erence between males that ejaculated during EPC attempts and those that did not in the proportion of behaviourally successful pair copulations involving sperm transfer. We assume that failed EPC attempts are genuine attempts by the male at inseminating the extra-pair female. These predictions would be confounded if males di¡ered in the number of copulations they attempted. However, there was no di¡er-ence in the number of copulation attempts between males that ejaculated during EPC attempts and those that did not zˆ1.21, nˆ9 and 18 and pˆ0.2) . These predictions would also be confounded if EPCs occurred earlier in the season than pair copulations. However, in a previous study we showed that EPCs occur concurrently with pair copulations (Hunter et al. 1995) .
The proportion of behaviourally successful pair copulations resulting in ejaculation did not di¡er between males that ejaculated during EPC attempts and those that did not zˆ0.72, nˆ18 and 9, and pˆ0.5) (table 2) . This supports the hypothesis that males refrain from ejaculating during pair copulations, not because they have previously allocated their limited semen supplies to extra-pair females, but because they are withholding ejaculates from their pair female in order to have semen available for future EPCs. 
DISCUSSION
Male Ade¨lie penguins preferentially allocate ejaculates to extra-pair females: males that engaged in EPCs were more likely to transfer an ejaculate when copulating with an extra-pair female than when copulating with their social partner. Males have sperm available for EPCs because they withhold ejaculates from their pair females, thereby reserving sperm for extra-pair females. The ability to allocate ejaculates strategically provides males with the opportunity of manipulating their investment in sperm competition in response to the availability of extrapair females and the risk of competition from rival males. This study provides the ¢rst evidence that male birds are able to allocate sperm strategically.
Although it appears that males are using a proximate mechanism of choosing to ejaculate with some females and not with others, it seems more likely that they are following simple rules. Indeed, males may be exhibiting the Coolidge e¡ect whereby they have a higher success rate with an extra-pair female simply because she provides novel stimulation (Bermant 1976; Kelley et al. 1999) . By regulating the frequency of ejaculates allocated to social partners and responding to the stimulation of a new partner by producing an ejaculate, males will achieve strategic allocation of sperm.
Strategic allocation of ejaculates may a¡ect a male's ability to compete for paternity. A male that withholds sperm from his pair female may risk losing paternity of the o¡spring he will help to raise if he has not inseminated enough sperm to compete with any extra-pair males with which his female copulates. In many asynchronously breeding species males overcome this problem by engaging in EPCs only after their pair copulation period has ended (Birkhead & MÖller 1992) . However, the male Ade¨lie penguins in this study did not wait until their partner's fertile period was over before engaging in EPCs. For species that breed asynchronously, the temporal segregation of pair copulations and EPCs may be relatively easy as there will be a succession of fertile females in the population so a male may copulate exclusively with his partner until her fertile period is over and then engage in EPCs. For synchronous breeders such as the Ade¨lie penguin, all females will be simultaneously fertile over a limited period so temporal segregation of pair copulations and EPCs is not possible. Males will have to produce pair and extrapair ejaculates at the same time and every ejaculate that a male allocates to an extra-pair female will be at the expense of an ejaculate that could otherwise have been allocated to his pair female.
Not all males allocated sperm to extra-pair females. Of the males in our study, 56% did not engage in any EPC attempts, so these males allocated all of their ejaculates to either their pair female alone or their initial and pair females. These males may simply never have had the opportunity to copulate with an extra-pair female. Alternatively, they may not have sought EPCs because their pair females were of high quality and, therefore, they invested all their ejaculates in ensuring that they fathered their social partner's o¡spring (Petrie & Hunter 1994) .
It has been suggested that females could guard their partner by soliciting frequent copulations, thereby depleting his sperm reserves so that he cannot inseminate other females (Petrie 1992; Hunter et al. 1993) . Male Ade¨lie penguins have limited semen supplies (Hunter et al. 2001) , indicating the potential for female mate guarding by semen depletion. However, our study shows that males could overcome a female's draining tactics simply by withholding ejaculates. Hence, female mate guarding by this method cannot occur in Ade¨lie penguins.
Given that male Ade¨lie penguins are constrained in the number of ejaculates that they can produce the question arises as to why males continue to mount and engage in cloacal contact with their pair females when they do not deliver any sperm ? There are a number of possible hypotheses for explaining such behaviour.
(i) Males may continue to copulate despite the absence of ejaculates in order to signal to their female that they can copulate frequently (this assumes that females cannot assess whether they have been inseminated). (ii) They may continue to copulate in order to signal to other males in the area that their female is being well-protected against potential EPCs. (iii) Males may copulate in order to stimulate the female's reproductive tract into contracting and so manipulate sperm from previous pair inseminations into a more favourable position.
Further studies are needed to discriminate between these hypotheses.
Behaviourally successful copulations that do not result in sperm transfer have been recorded in a number of avian species including domestic fowl (Gallus domesticus), zebra ¢nches (Taeniopygia guttata) and Bengalese ¢nches (Lonchura striata) (Penquite et al. 1930; Birkhead et al. 1988; Birkhead 1991) . This failure has generally been attributed to sperm depletion and, indeed, sperm depletion has been shown to occur in some birds (Parker et al. 1942; Birkhead 1991; Birkhead et al. 1995) . Our study shows that the absence of insemination can also result from the strategic allocation of sperm. Males that are capable of allocating sperm to speci¢c females are likely to do well in competition against other males and may use allocation to their advantage when in con£ict with females over the frequency or timing of copulations. Therefore, strategic allocation of sperm appears to have important consequences for both sperm competition and sexual con£ict.
In conclusion, male Ade¨lie penguins that engage in EPCs withhold sperm from their partners and strategically allocate ejaculates to their extra-pair females. By doing so during their pair female's fertile period they appear to increase the risk of losing paternity of the chicks they will help to raise. However, it would appear that, for some male Ade¨lie penguins, the bene¢ts of engaging in an EPC outweigh the potential costs of forfeiting a pair copulation.
